* S Supporting Information ABSTRACT: The surface structure of iron molybdate is of great significance since this is the industrial catalyst for the direct selective oxidation of methanol to formaldehyde. There is a debate concerning whether Fe 2 (MoO 4 ) 3 acts as a benign support for segregated MoO 3 or if there is an intrinsic property of the surface structure which facilitates its high catalytic efficacy. This study provides new insights into the structure of this catalyst, identifying a bound terminating layer of octahedral Mo units as the active and selective phase. Here we examine whether only 1 monolayer of Mo on iron oxide alone is efficacious for this reaction. For a 1 ML MoO x shell−Fe 2 O 3 core catalyst the Mo remains at the surface under all calcination procedures while exhibiting high selectivity and activity. The work highlights how catalyst surfaces are significantly different from bulk structures and this difference is crucial for catalyst performance.
■ INTRODUCTION
The development of more efficient catalysts for industrial chemical processes is regarded as having significant economic benefits as well as having a positive impact on the wider society. To make step-change improvements in catalytic performance a fundamental understanding of the active site within catalytic systems is crucial. Iron molybdate is the primary catalyst for the selective oxidation of methanol to formaldehyde, which is of significant industrial importance, being used in production of resins and as a building block for higher value products. Commercial iron molybdate catalysts are typically formulated with an excess of Mo, since Mo is shown to volatilize from reactor hot spots during the reaction, 1,2 leaving an unselective Fe rich surface. 3 It is widely reported that this excess Mo segregates to the surface of these materials, as proven by STEM and EELS, 4 as well as HRTEM. However, this approach is shown to leave a system containing multiple distinct phases including both MoO 3 and Fe 2 (MoO 4 ) 3 , making it difficult to assess the nature of the active site. It is important to address whether Fe 2 (MoO 4 ) 3 merely acts as a support for MoO 3 or whether it has its own inherent activity. 5−7 Bowker et al. have recently published work highlighting how bulk spectroscopic techniques such as XAFS (X-ray absorption fine structure) can yield crucial insights into the surface layers of core−shell mixed metal oxide catalysts. 8 The study involved the preparation of 3 monolayers (ML) of molybdenum deposited onto Fe 2 O 3 , followed by calcination at a range of temperatures (120 −600°C ). The work demonstrated the presence of an octahedral (O h ) Mo oxide overlayer, even after extensive heating (600°C, 2 h). This overlayer corresponds to one monolayer of the total molybdenum dosed, which was ascertained through XANES (X-ray absorption near edge structure) analysis. In view of this, it was proposed that the overlayer structure is the fundamental, active surface for the selective oxidation of methanol to formaldehyde, since catalysts prepared at varying calcination temperatures showed both similar activity and this structure in common. It is believed that this active layer is also directly related to iron molybdate catalysts used commercially. This paper addresses the question as to (i) whether one monolayer of the molybdenum oxide is sufficient to give a highly selective material and (ii) whether it all will remain at the surface of the material after high temperature annealing. In this instance where the Mo is present solely at the surface, conventional bulk characterization techniques such as XAFS can provide surface sensitive information.
■ EXPERIMENTAL SECTION
General Synthesis. A series of catalysts were prepared of MoO x /Fe 2 O 3 by doping 1, 3, or 6 monolayer equivalents of Mo oxide onto the surface of commercial Fe 2 O 3 (Sigma-Aldrich, <50 nm particle size). The desired amount of aqueous ammonium heptamolybdate was dosed onto the surface of the Fe 2 O 3 by incipient wetness impregnation. The samples were dried at 120°C for 24 h, before being subjected to different annealing temperatures, in air, for 2 or 24 h.
Catalytic Testing. Reactor data was obtained by use of a CATLAB reactor (Hiden Ltd., Warrington, U.K.). For the catalytic reaction, 1 μL of liquid methanol was injected every 2 min into a flow of 10% O 2 /He, at a flow rate of 30 mL min −1 . The products were determined by the online mass spectrometer in the CATLAB system. For the TPD, approximately 6 injections of 1 μL of methanol were dosed onto the catalyst, at ambient temperature in a flow of 30 mL min −1 of He. This was followed by ramping the temperature to 400°C at a rate of 8°C min −1 , while monitoring the products formed by mass spectrometry. Cracking patterns for different molecules were calibrated and were used in TPD selectivity determinations.
Characterization. The BET surface area was measured three times for each sample under nitrogen physisorption at 77 K using a Micromeretics Gemini surface area analyzer. Raman measurements were carried out using a Renishaw Raman microscope with an 830 nm laser power, over a wavenumber range of 100−1200 cm −1 . Typical measurements used a 0.1% laser power, with 4 accumulations at 10 s exposure time for each. XRD was performed on a Panalytical X'pert pro analyzer with Cu Kα radiation. The IR data were recorded using a Thermo Scientific Nicolet iS10 FT-IR spectrometer using an ATR accessory in the range of 500−2500 cm −1 .
Catalyst morphology and homogeneity were examined by TEM. The catalysts were examined using a JEOL JEM 2100 EM model and showed no obvious sign of particle clustering or agglomeration at the surface.
Mo k-edge XAFS studies were carried out on the B18 beamline at the Diamond Light Source, Didcot, U.K. Measurements were performed using a QEXAFS setup with a fast-scanning Si (111) double crystal monochromator. The time resolution of the spectra reported herein was 5 min/ spectrum (k max = 15); on average three scans were acquired to improve the signal-to-noise level of the data. All samples were measured in transmission mode using ion chamber detectors. All transmission XAFS spectra were acquired concurrently with a Mo foil placed between I t and I ref .
XAS data processing and EXAFS analysis were performed using IFEFFIT 9 with the Horae package 10 (Athena and Artemis). The amplitude reduction factor, S 0 2 , was derived from EXAFS data analysis of known Mo reference compound, MoO 3 (with known coordination numbers which were fixed during analysis), to be 0.82, which was used as a fixed input parameter.
■ RESULTS AND DISCUSSION
The series of shell/core structures of MoO x /Fe 2 O 3 described herein were synthesized through incipient wetness impregnation of ammonium heptamolybdate 7,11 onto Fe 2 O 3 (see Supporting Information for detailed description). By varying the concentration of ammonium heptamolybdate used, 1, 3, or 6 ML coverages of MoO x were generated. The subsequent catalysts were calcined in air at holding temperatures of 300, 400, 500, and 600°C for 2 h or 20 4 h to generate the active materials. The surface area of the catalysts was assessed using Brunauer−Emmett−Teller (BET) analysis, and there was no discernible loss in surface area after the different calcination regimes, with all MoO x /Fe 2 O 3 catalysts exhibiting approximately a 3-fold increase in surface area (15 m 2 g −1 to 5 m 2 g −1 , see Table S1 in the Supporting Information) compared to a conventional Fe 2 (MoO 4 ) 3 catalyst. X-ray diffraction studies (XRD Figures S1 and S2 in the Supporting Information) were performed to identify any bulk phases produced. Additional phases beyond α − Fe 2 O 3 were only identified for the catalyst dosed with 6 monolayer equivalents of Mo, where separate phases of MoO 3 and Fe 2 (MoO 4 ) 3 were identified at calcination temperatures of 300−500°C and 500−600°C, respectively. To verify that a core−shell structure is formed, TEM-EDX (transmission electron microscopy energy dispersive X-ray analysis) measurements were performed in order to provide information on nanoparticle morphology and spatial variation in elemental composition. Figure 1 is a TEM image for a particle of the 1 ML MoO x /Fe 2 O 3 catalyst calcined to 600°C for 24 h. The associated TEM-EDX line profile, Figure 1 , also illustrates the spatial composition of Mo, O, and Fe across a section of the particle. The Mo surface enrichment confirms the presence of a core−shell structure. This result was seen for different areas and particles, and for all three Mo coverages. Work by the groups of Routray and Bowker have also identified Mo segregation in bulk ferric molybdate catalysts using LEIS (low energy ion scattering), 7 and aberration-corrected STEM (scanning transmission electron mictroscopy) and EELS (electron energy loss spectroscopy) analysis, respectively. 4 Enrichment of Mo at the surface of these catalysts is also supported by XPS (X-ray photoelectron spectroscopy) (Figures S3 and S4 in the Supporting Information).
Mo k-edge XAFS measurements of the different MoO x / Fe 2 O 3 catalysts were performed to discern the extent of tetrahedral (T d ) and octahedral (O h ) character of the Mo sites, as well as provide information about the local environment. The interpretation of features in the Mo XANES spectra involves the assignment of the pre-edge peak at ∼19995 eV and the peak at 20010 eV. The pre-edge peak is attributed to the dipole forbidden/quadrupole allowed 1s−4d transition, 12 associated primarily with T d geometry, but is also present, albeit weaker, in structures with distorted octahedral geometry. 13−15 The peak at 20010 eV is assigned to the dipole allowed 1s−5p transition and is a characteristic feature of Mo species with octahedral/distorted octahedral geometry. 13−15 The Mo k-edge XANES spectra for the three core−shell catalysts annealed at 500°C for 24 h are presented in Figure 2 and show a greater degree of T d character, indicative of the presence of iron molybdate, as the monolayer equivalent of Mo is increased.
For the catalyst in which there is just 1 ML equivalent of molybdenum, the catalyst is consistent with a distorted O h geometry throughout the calcination range. It is therefore established that for monolayer (or sub-monolayer) amount of a species we label as MoO x , the molybdenum remains segregated at the surface of the Fe 2 O 3 , with complete O h geometry under all calcination conditions ( Figure S5 in the Supporting Information). Indeed the same Mo XAFS spectrum was generated when a physical mixture of MoO 3 and Fe 2 O 3 was exposed to the same calcination regime (as described in the Supporting Information). It is evident that this Mo surface is very stable, since it forms regardless of the preparation method employed. Table S2 in the Supporting Information gives the phase composition, obtained through linear combination fitting of the XANES data for these catalysts ( Figure S6 in the Supporting Information). Results confirm that, with an increase in monolayer coverage, the O h to T d ratio varies, with the 6 ML catalyst exhibiting the greatest T d character. Moreover, the phase composition generated by linear combination analysis of the XANES data confirms that all samples have approximately 1 ML of O h Mo units present at the surface. If this trend is extended, it would be expected that even a bulk (stoichiometric) iron molybdate catalyst would have a surface terminating in O h Mo units, and certainly enrichment of Mo in the surface region of such catalysts has been found. 1 Although XRD analysis was unable to identify any phases beyond α − Fe 2 O 3 for the 1 and 3 monolayer MoO x /Fe 2 O 3 catalysts, the phase composition generated by the XANES linear combination fits were supported by those assigned from vibrational spectroscopy (FT-IR and Raman) and are detailed in the Supporting Information (Figures S7−S15, Table S3 ).
EXAFS provides a valuable means of assessing the local structure of materials which do not possess long-range order. This is of importance for this work for identifying the nature of Mo at the surface. Figure 3 Table 1 ). The longer Mo−O scattering path (distance = 1.95 Å) has less impact on the EXAFS data as a consequence of the large disorder associated with it. The combination of these two scattering paths results in a good correlation between the experimental and simulated data for values of R < 2 Å. The subsequent coordination environment (after 2 Å) is associated with the Mo−Fe scattering paths. Here the model used for the EXAFS fitting parameters was informed by the computational studies, described later, indicating a site where the Mo would have three Fe neighbors at around 3 Å and one Fe neighbor at a shorter distance. The relatively weak intensity of four Mo−Fe neighbors is a result of the out of phase behavior of the different Mo−Fe distances, as seen in the imaginary part of the Fourier transform (Figure 3) .
Computational modeling was undertaken to determine the nature of the preferred adsorption site on the most stable surface (0001) of α-Fe 2 O 3 . 16 16, 17 (see Supporting Information) using (1 × 1) and (2 × 2) surface models with a MoO 3 neutral unit added to each of the candidate sites at ca. 3 Å away from the surface. On geometry relaxation it was observed that whenever the Mo was placed just above a surface oxygen (adsorption site D), it moved off this site and tended to stabilize above the Fe ion of the second (subsurface) layer adopting either configuration A or B (Figure 4) .
With a surface interstitial site E as a starting point, the Mo relaxed slightly toward the surface as one of the molybdate O ions was displaced toward the first layer Fe forming a Mo−O− Fe bridge. The adsorption site C proved to be highly unfavorable: the Mo stayed above the uppermost Fe atom with no strong Mo relaxation; the neutral MoO 3 layer remained nearly flat at a nonbonding distance above the surface. At sites A and B, an especially large Mo relaxation into the surface was found, where it adopts an octahedral coordination: at the most stable site A, Mo has one neighbor Fe ion at 2.80 Å and three at 2.96 Å, whereas at site B it has three Fe neighbors at 2.94 Å and one at 3.05 Å. Adsorption site A agrees with the coordination numbers in the EXAFS analysis and shows a good agreement with most of the bond distances ( Table S4 in the Supporting  Information) .
With a detailed understanding of the structural changes in the catalysts presented, it is important to relate these structural changes to catalytic performance, and for this purpose we used temperature-programmed desorption (TPD) of adsorbed methanol. Data obtained for the monolayer systems have been compared to reference standards, including MoO 3 , Fe 2 O 3 , and Fe 2 (MoO 4 ) 3 . Results obtained are summarized in Figure 6 and further detailed in Table S5 and Figures S16−S21 in the Supporting Information. The TPD from the monolayer catalysts mainly yields formaldehyde, a product of absorbed surface methoxy. A slight amount of CO is also detected as the only byproduct of the reaction. There is no evidence of CO 2 production, which implies no extended Fe 2 O 3 present at the catalyst surface. CO 2 is characteristic of Fe 2 O 3 , as a decomposition product from formate absorption ( Figure S19 in the Supporting Information). Referring to Figure 6 , it can be seen that the yield of formaldehyde improves with increasing monolayer coverage. For methanol oxidation, the 6 ML catalyst has a selectivity to formaldehyde of 87%, compared to that of the bulk Fe 2 (MoO 4 ) 3 catalyst, 5 which demonstrates ∼100% selectivity in TPD. The production of CO which contributes solely to this loss in selectivity, is proposed to derive from isolated Fe sites at the catalyst surface. It has previously been shown, through varying the Fe:Mo ratio in bulk catalysts, that an excess of Fe at the surface directly relates to the amount of CO produced. With Fe present, it is thought that the Mo−O− Fe bridging oxygen undergoes a change in binding energy to facilitate this extra dehydrogenation to CO. The presence of molybdenum dosed on the surface of the iron oxide clearly has a marked effect on the catalyst performance (Figures S18 and S19 in the Supporting Information). For Fe 2 O 3 , CO 2 is produced as the only significant product, with no evidence of formaldehyde. In comparison the 1 ML MoO x /Fe 2 O 3 shows no CO 2 , with the selectivity to formaldehyde at 81% with the (Table S5 and Figures S17, S20, and S21 in the Supporting Information). The amount of CO is believed to be controlled by the extent of the Mo coverage on the Fe 2 O 3 surface. A corresponding study has investigated the effects of calcination length on catalyst performance (Figures S16 and S17 in the Supporting Information). It was found that, with increasing calcination time, the catalysts show a marked improvement in their selectivity, as a result of the Mo spread on the surface, and hence improvements in catalyst uniformity. Huang et al. have shown "spreading" of the MoO 3 phase over similar catalysts, demonstrating it to be a slow process requiring both harsh conditions and treatment times. 18 Pulsed flow studies have been performed, in which methanol is pulsed over the catalyst every 2 min upon ramping the temperature of the catalyst bed to 400°C at a ramp rate of 12°C min −1 . These studies enable us to probe the catalyst's selectivity and conversion under more realistic reaction conditions. The MoO x /Fe 2 O 3 series of catalysts calcined at 600°C for 24 h all exhibit a similar activity, which is superior to a conventional iron molybdate catalyst. This increase in activity is noticeable in the temperature for 50% conversion (T 50 ) values; 50% methanol conversion occurs at 190°C for the 6 ML MoO x /Fe 2 O 3 ( Figure S22 in the Supporting Information) a significant improvement over that for bulk Fe 2 (MoO 4 ) 3 , which only reaches the same conversion at 212°C. It could be that this is due to the difference in surface area of these catalysts 19−21 (Table S1 in the Supporting Information). The MoO x /Fe 2 O 3 series of samples have a 3−4-fold increase in surface area compared to conventional iron molybdate catalysts, a benefit afforded by this preparation method. Despite slight changes in the onset of formaldehyde production, in general, all three monolayer loadings perform very similarly (Table S6 and  Figures S22−S25 in the Supporting Information) . This would agree with that already seen in the XANES, in which there is a common MoO x phase present across the range of monolayer loadings. If future optimization can be made to improve the spread of this MoO x and hence the selectivity further, this increase in surface area will lead to a much more efficient catalyst.
■ CONCLUSIONS
This study compares a series of MoOx/Fe 2 O 3 catalysts to conventionally prepared Fe 2 (MoO 4 ) 3 for the selective oxidation of methonal to formaldehyde. The catalyst screening studies shows that the performance of the two systems is comparable for all levels of Mo dosing on the MoO x /Fe 2 O 3 catalysts. Crucially, our investigations have shown that, for catalysts with a monolayer coverage of molybdenum on Fe 2 O 3 , an O h overlayer of molybdenum oxide units remains at the surface and results in a very selective catalyst for methanol oxidation to formaldehyde. This layer is also present for multilayer catalysts and remains at the surface as the topmost and active layer. The implication of all these data is that a common active surface layer is present for all such catalysts, including bulk ferric molybdate catalysts of the type used industrially. Such materials can have higher surface area than the bulk molybdates, and so show potential for new catalysts for such processes. However, such potential can only be realized if selectivity is improved further and longevity of performance is properly demonstrated. 
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